Objective: The authors hypothesized that cortical gray matter volume reduction in schizophrenia is greatest in the heteromodai association cortex. This area comprises a highiy integrated, reciprocally interconnected system that coordinates higher order cortical functions. Method: Total brain and regional gray matter volumes were calculated in 46 schizophrenic patients and 60 age and sex-matched comparison subjects by using magnetic resonance iw..ages.
Disease specificity was examined by assessing 27 patients with bipolar disorder. Approximations to the dorsolateral prefrontal cortex, inferior parietal lobule, and superior temporal gyrus were selected as regions of interest for the heteromodaJ association cortex. Occipital and sensorimotor areas were used as comparison regions to test the hypothesis for regional specificity. Results: Gray matter volume was reduced in schizophrenic patients in index regions even after covariance for overall brain volume, sex, and age. Bipolar disorder patients did not exhibit heteromodalgray matter reduction. Comparison regions did not differ among the three groups. Global gray matter volume was not different among groups after covariance for global brain volume. Comprehensive individual region post hoc analysis found no additional gray matter differences. Conclusions: These findings support the theory ofdisproportionate reduction ofgray matter volume in the heteromodaJ association cortex specific to schizophrenia.
(Am JPsychiatry 1994; 151:842-848) R eferring to the neuropathology of schizophrenia, E. Southard stated in 1915 that "structural (visible or invisible) changes of a maldevelopmental nature lie at the bottom of the disease process .... Aside from left-sidedness of lesions and internal hydrocephalus, very striking is the preference of these changes to occupy the association centers of Flechsig. For this there is probably good apriori reason in the structure, late evolutionary development, and consequent relatively high lability of these regions" (1) .
Southard was among the first to describe localized neuroanatomicallesions in schizophrenia in cortical rePresented in part at the 146th annual meeting of the American Psychiatric Association, San Francisco, May 22-27,1993 842 gions that had been described earlier by Flechsig, a neuropathologist (2) . From studying interregional connections, Flechsig postulated the existence of three "association centers"-portions of the human cortex whose sole purpose is cross-modal sensory association (3). These regions would now be termed the heteromodal association cortex (4) . This cortical system is highly integrated, reciprocally connected, and coordinates sensory, motor, and behavioral activities. Regions involved in the heteromodal association cortex system do not complete myelination or pruning until late adolescence (5)-a developmental period when the incidence of schizophrenia increases sharply (6) . Several recent structural and functional neuroimaging studies in schizophrenia have reported on cortical alterations in one or more of the three key portions of the heteromodal association cortex: the dorsolateral prefrontal cortex (7), superior temporal gyrus (8) , and inferior parietal lobule, consisting of the angular and supramarginal gyri (9) . We have emphasized theoretical aspects of the heteromodal association cortex in schizophrenia elsewhere (10, 11) .
Many studies have demonstrated localized changes in brain structure and function in schizophrenia by using Am J Psychiatry 151 :6, June 1994 (14) , superior temporal gyrus (8, 15) , and mesial temporal structures (16) . Andreasen et a1. (17) found frontal lobe decreases in schizophrenia but did not replicate these findings when patient and comparison groups were matched for level of education (18) . Functional assessments by metabolism and blood flow methods, by using positron emission tomography (PET) and single photon emission computed tomography (SPECT), found decreases in schizophrenic patients' frontal (19, 20) , parietal (21) , and temporal (22) regions. However, most studies did not take into account the patterns of structural complexity and differentiation formed by regions with shared characteristics or regions that form interconnected neural circuits.
More general structural abnormalities of the central nervous system have been reported in schizop!lrenia. Increased ventricle size and CSF volume have been found by using pneumoencephalography (23), computer assisted tomography (24) , and MRI (18, (25) (26) (27) . Zipursky et al. found decreased gray matter volume in many cortical regions in male schizophrenic patients (27) .
Global cortical abnormality in schizophrenia, involving aU functionaiiy defined areas equaiiy, seems unlikely due to the relative lack of gross neurological signs in contrast to the severity of thought disorder, hallucinations, and bluntin~of affect (28) . Therefore, we postulated· that in schizophrenia the following three regions of the heteromodal association cortex would show disproportionately more gray matter reduction than comparison regions and overall gray matter: 1) the Am J Psychiatry 151:6, June 1994 dorsolateral prefrontal cortex, 2) an inferior parietal area consisting of the angular and supramarginal gyri, and 3) the superior temporal gyrus (10, 11) . Therefore, we studied the volumes of gray matter in these heteromodai association cortex index regions by using MRI and used primary sensory and motor regions as comparison areas in schizophrenic patients, patients with bipolar affective disorder, and comparison subiects. The bipolar group was inCluded in this study to determine whether hypothesized heteromodal association cortex differences were specific to schizophrenia.
METHOD

Subjects
The schizophrenia (N=46) and bipolar disorder fN=27) 2fOUDS were drawn from seve~al teniary clini~al sources, incl~ding th; inpatient units, Psychiatric Day Hospital, and Schizophrenia and Affective Disorder Clinics of the Depanment of Psychiatry at The Johns Hopkins Hospital, and the Schizophrenia Unit at Sheppard and Enoch Pratt Hospital. Normal comparison subjects (N=60j were recruited from The Johns Hopkins Hospital staff and community volunteers. The demographic data of the schizophrenic, bipolar disorder, and comparison subjects are presented in table 1.
All subjects were assessed by a psychiatrist (A.Y.T.) who used the Structured Clinical Interview for DSM-III-R (29). This semistructured clinical assessment included a review of family history and psychosocial developmental history. Interviews ranged in length from under 1 hour to up to 2 hours. Information from medical records and hom relatives was obtained as available for both patient groups but not for the subjects in the comparison group.
Exclusion criteria for both patient groups were major psychiatric disorder (other than schizophrenia or bipolar disorder), substance abuse or dependence, and a history of injury or possible injury to the central nervous system. The subjects in the comparison group had no history of current or past substance abuse, neurological illness or head trauma causing unconsciousness of over 1 hour, and no personal or family history of major psychiatric illness. Socioeconomic status of family of origin (based on occupation and education) was 
Equipment and Scan Protocol
Magnetic resonance images were done on a 1.5-tesla scanner. Contiguous, 5. . .mm thick axial slices \X/ere acquired \\lith simultaneous T.z and proton sequences. The images extended from the base of the cerebellum to the vertex, parallel to the anterior commissure-posterior commissure line. Repetition time was 2500 msec, echo time was 20/80 msec. The number of excitations was one.
The segmentation method used in this study is simiiar to that described by Lim and Pfefferbaum (31) . Irs reliability and its validity have been presented in detail previously (26, 32) . In T 2 weighted images, esP' appears brighter than the brain while in proton weighted images, CSF appears darker. Therefore, in T 2 minus proton weighted images, CSF is preferentially highlighted over the brain. For brain and CSF volume calculation, the rater, blind to diagnosis, selected all intracranial pixels by using a threshold-guided, semiautomatic edgefollower algorithm (26). All extracerebral pixels were then set to zero to identify them as background. Pixels containing CSF were set to a value of 1 by an automated segmentation threshold to flag them to a given, non brain value before filtering the images to correct for radiofrequency field inhomogeneity. These images, with CSF set to 1 and background set to 0, were then sent to a radiofrequency inhomogeneity correction filter (31, 32) .
Gray-white matter contrast is improved if T 2 plus proton weighted images are used. After radiofrequency inhomogeneity correction, it becomes possible to threshold such summed images for gray and white matter. Our gray-white segmentation program used interactive threshold determination for each slice. A starting threshold level was provided that could be incremented and decr~mented by 844 the rater until the threshold level optimally defined gray and white tissues.
In order to calculate the regional volumes of gray matter, white matter, and eSF. we defined an inner ring beginning 2 cm inside the outer boundary of the brain that included the cortical gray matter and sulcal CSF and an inner region containing subcortical gray matter and the ventricles. For each slice on which regional segmentation was performed, a line along the interhemispheric fissure was first defined by the rater by pointing the cursor to the frontal and occipita! poles. The angle of this line was calculated and used as an offset angle for the regional cortical measures so that regions were evenly defined on each hemisphere. The midpoint of this line was used as the center point of the slice.
The cortical ring was divided into five equiangular regions per hemisphere (by using the offset angle defined by the interhemispheric fissure line). Five regions per hemisphere were selected for our cortical segmentation method on the basis of assessment of approximate Brodmann cortical areas, as described previously (32) . Other groups have similarly defined cortical regions on the basis of four regions per hemisphere (27) . Our divisions of the brain are shown on selected slices in fieure 1.
We performed global gray-white-CSF segmentation on all slices. Regional segmentation was done on 10 selected slices ranging from the temporal lobe (three slices below the one in which the frontal horns of the lateral ventricles were closest together) to six slices above this frontal horn slice. Approximations to heteromodai association cortex regions were defined with the assistance of the Talairach brain atlas (33) . Superior temporal lobe area was defined on the bottom two slices, in the second and third most anrerior cortical regions. The dorsolateral prefrontal cortex was defined on the fourth through seventh slice from the bottom in the second most anterior cortical region. The inferior parietal cortex was defined on the sixth and seventh slice from the bottom in the fourth most anterior cortical region. These cortical regions were defined as the heteromodal association cortex for data analysis. A slice-wise view of these regions is shown in figure  1 , and an approximate surface projection of these regions on a volume-rendered brain is shown in figure 2 . The comparison regions were defined in the occipital and sensorimotor cortex, as shown in figure 1 .
As shown previously, interrater reliability of brain and CSF volumes had intraclass correlation coefficients greater than 0.96, and validity was assessed by using realistic brain phantom images (26) . Interrater reliability by intradass correlation of gray-white segmentation was 0.93, and intrarater reliability was 0.99 (32) .
Data Analysis
Univariate analyses induded an analysis of variance (ANOVA) of the demographic characteristics of schizophrenic, bipolar, and comparison subjects. Index regions of interest for the heteromodal association cortex were derived by approximating, with the assistance of a neuroanatomical atlas (33), the dorsolateral prefrontal cortex, the superior temporal gyrus, and the inferior parietal lobule, as described earlier.
Comparison regions of interest were similarly defined by using the occipital and sensorimotor cortex. Hypothesis-driven regional calculations of gray matter volume in heteromodal association cortex areas and selected comparison regions were done to reduce multiple comparisons. An ANOVA was performed on the group mean volumes of heteromodal association cortex gray matter, comparison region gray matter, overall gray matter, CSF percentage, and total brain volume. Multivariate analyses consisted of analysis of covariance (ANCOVA) model building to covary for overall brain volume, age, and sex effects. Sex bv Diagnosis interaction effects were considered.
Socioeconomic status' of fa~ily of origin and race were also added to the model as covariates. Post hoc analysis for ANOVA and ANCaVA comparisons was performed by using Duncan's method to test which g;oups had significant differences. -After the hypothesis-driven regional analysis, a post hoc analysis of gray matter percentage in each separate cortical region (the heteromodal association cortex and comparison regions used earlier and
those not yet assessed) was performed by using t"wo-tailed t tests to address whether the hypothesis-driven analysis had overlooked any other regional gray matter differences. These post hoc analyses were limited to the schizophrenic and comparison groups, the basis of our heteromodal association cortex hypothesis in this study. This comprehensive regional analysis of many cortical regions was necessary in order to test fully the hypothesis that the gray volume differences were specifically localized to the heteromodal association cortex regions. Although this is an extremely liberal post hoc analysis, the specificity of heteromodal association cortex differences ,x/ouid be strengthened by a negative finding in other regions by using this approach. Therefore Bonferroni post hoc correction was not performed in order to challenge the specificity of the hypothesis.
RESULTS
The schizophrenic, bipolar, and comparison groups were similar in regard to age, sex, and socioeconomic status of family of origin, as shown in table 1 . The schizophrenic group was significantly different from the other groups in education and race. Since the lower educational level of schizophrenic patients may reflect an outcome of their illness, this factor might not be appropriate as a covariate in the multivariate analysis. However, a previous study found that matching on education attenuated frontal lobe volume differences between schizophrenic and comparison groups (18) . Therefore, we included this factor in the model to test its potential effect on gray matter volume differences in the heteromodal association cortex. Length of education did not have a significant effect. There were no Am J Psychiatry 151:6~June 1994 SCHLAEPFER, HARRIS, TIEN, ET AL. figure  1 shown in stippling; selected slice planes shown as white parallel lines) significant demographic differences between the comparison and bipolar groups. Table 2 shows volumes or heteromodal association cortex gray matter, comparison region gray matter, total 2:rav matter. CSF oercentae:e. and total brain volume by di;g~~sis. SchizoLphrenic~u'bjects had significantly smaller heteromodal association cortex gray matter volume than subjects in the comparison group according to Duncan's post hoc analysis. CSF percentage and comparison region gray matter volume were similar among groups. Bipolar disorder patients did not differ significantly from subjects in the comparison group on any measure.
Because patients tended to have smaller total brain volume than subjects in the comparison group, and gray matter volume changes with age (34), we perfonned ANCOVA analyses~covarying for overall brain volume and age to test for the specificity of gray matter volume reduction.
The first ANCOVA model covaried for brain volume and age and included diagnosis and sex as grouping variables. Heteromodal association cortex group difference remained significant after overaii brain volume was controlled fo~(F=5.7, df=2, 125, p<O.004, N= 133).. This heteromodal association cortex difference was, only between schizophrenic subjects and subjects in the comparison group (Duncan's post hoc analysis). There was a significant Sex by Diagnosis interaction (F=3.5, df=3, 125, p<O.05, N=133).
V/hen the same ANCOVA model was applied to the comparison region, the diagnosis effect was not significant (F=2.0, df=2, 125, n.s., N=133). Overall gray volume also was not significant among groups (F=O.35,
ar=L., lL..J, n.s., 1'1= 1.:)')}.
High versus low socioeconomic status of family of origin was added to the final model but did not have a sig;;ificant effect. White versus nonwhite race was tested separately in the final model but was also not significant. Education was tested as a continuous covariate and was also found to be not significant. None of these potentially confounding varia-bles influenced the effect of diagnosis on heteromodal association cortex gray matter volume, which remained significant. We further explored the Sex by Diagnosis interaction through adjusted means and found that the difference between schizophrenic subjects and comparison subjects in heteromodal association cortex gray matter volume was accounted for mainly by female subjects. After the hypothesis-driven analyses were completed, a comorehensive oost hoc exploratory analysis of all region~al cortica(gray matt~r percerltages' was performed between schizophrenic subjects and the comparison group in order to test for specificity. Gray mat- between schizophrenic patients and the comparison group by using two-tailed t tests. Significant differences (p<O.01) were found in each of the heteromodal association cortex regions only, i.e., the dorsolateral prefrontal, inferior parietal, and superior temporal regions. No other cortical region had significant gray matter percentage group differences. These negative results in nonhypothesis-driven regions of interest, obtained by using very liberal assessment of multiple comparisons, strengthen the specificity of the differences in heteromodal association cortex regions.
DIScuSSiON
Schizophrenic patients had less gray matter volume in heteromodal association cortex regions than did subjects in the comparison group. This difference was significant even after covariance for overall brain volume, age, sex, race, and socioeconomic status of origin. This effect was greater in female than in male schizophrenic subjects and was not detected in the group of bipolar patients. Our ability to find significant effects in schizophrenia for the heteromodal association cortex regions was contingent upon the inclusion of both women and men in this group. The larger effect found in women in our study was surprising, since previous studies focused primarily on men (27) , 846 who are believed to have more severe structural brain changes (35) . The occipital and sensorimotor cortices, which were assessed as comparison regions, did not demonstrate between-group differences in gray matter volume. We did not find a global gray matter volume decrease in schizophrenia, in contrast to Zipursky et a1. (27) . Given the low power in these kinds of studies, it is nearly impossible to always get the significant effect. According to a comprehensive post hoc analysis of many cortical regions, we did not find any significant gray matter percentage differences besides the heteromodal association cortex regions hypothesized to be most affected in schizophrenIa.
. -Our finding of a tendency toward reduced brain size in schizophrenic patients agrees with previous findings (17, 26, 36) , although subsequent reports suggest that these differences may disappear when the groups are matched (15, 18, 37) . Since schizophrenic subjects have smaller brains, the fact that our method used a fixed cortical rim thickness (2 em) may lead to a higher proportion of brain being included in the cortical regions than in subjects in the comparison group. However, this potential difference would lead to larger, rather than smaller, reiative corticai gray matter voiume in schizophrenic subjects than in the comparison subjects.
The relatively smaller gray matter volume in the dorsolateral prefrontal cortex 'in schizophrenia may be a contributing factor to earlier reports of lower regional glucose metabolic rate and blood flow in this region (19, 20) . Likewise, a similar explanation may be applied to another PET report of decreased parietal glucose metabolism in schizophrenia (21) in light of our findings of decreased parietal gray matter volume. With [18F]fluorodeoxyglucose PET and SPECT, it is not possible to differentiate abnormally low regional glucose metabolic rate or blood flow from decreased regional gray matter volume. Therefore, we suggest that future studies of functional brain imaging in schizophrenia should correct for gray matter reduction similarly to the ...." ...,,~~A~"."'I"'\k'7 r-1"\.....A~...;"'I"'l """Af"k,..u'..J~+"ffl rf-l,A,,;nl'l &alr1_ p~vpv~~u c:u.~vpUJ "'v~~\"''''uvu lU\"'LUVU~~Vl.~LLlUJ1.u6 ",n.r erly or demented subjects (38, 39) .
The decreased gray matter volume found in superior temporal lobe regions in this study is consistent with prior reports of decreased volume of the superior temporal gyrus in sc:hizophrenia (15) . This and another prior report (8) found that decreased temporal volume was correlated with hallucinations and thought disorder, respectively. Similarly, a SPECT report found that decreased temporal perfusion was correlated with hallucinations (22) .
Despite the fact that we studied a large number of subjects by using a method with proven reliability, this study has two important shortcomings. First, our cohorts were not perfectly matched on all descriptive criteria. Ho\vever, vie attempted to account for possible confounding factors by performing an ANCOVA. Second, the index regions of interest were only an approximation of heteromodal association cortex regions. There might also be involvement of MRI technical fac- among groups in gyral patterns, or overall brain structural relationships. However, the findings of this study are consistent with involvement of disease-specific, abnormal development or later involution of the heteromodal association cortex in schizophrenia.
